Activities for nicotinamide adenine dinucleotide (NAD)-dependent and NADindependent forms of lactate dehydrogenase (LDH) were measured in cell-free extracts of Staphylococcus aureus strain PS 6 for the D and L isomers of lactate. Data obtained for the NAD-dependent lactate dehydrogenases indicate that oxidation of both isomers of lactate is due to both an L-lactate-specific LDH and a lactate racemase. After acrylamide gel electrophoresis, two bands exhibiting LDH activity were detected in crude or in partially purified cell-free extracts. The fast band exhibited LDH activity that was not NAD-dependent for both isomers of lactate, whereas, the slow band had very high NAD-dependent LDH activity for the L isomer but just detectable activity or the D isomer. Both bands appeared when D-lactate was used as the substrate, but only the slow band was formed when L-lactate was the substrate. NAD-dependent LDH, in apparent association with a nonspecific tetrazolium-reducing protein, is responsible for the production of the slow band.
Multiple forms of lactate dehydrogenase (LDH) have been detected in certain microorganisms. For example, nicotinamide adenine dinucleotide (NAD)-linked LDH (E.C. 1.1 . 1. 27, E.C. 1.1.1. 28) and NAD-independent LDH (E.C. 1.1.2.3, E.C. 1.1.2.4) are present in Lactobacillus plantarum for both the L and the D isomers of lactate (4, 13) .
End products of glucose metabolism by Staphylococcus aureus vary according to growth conditions. Lactate is the major end product, and LDH activity is enhanced when this organism is cultivated anaerobically. However, acetate and CO2 are predominant end products, and LDH activity is diminished when growth is aerobic (2) . Although the requirement for more than one type of lactate dehydrogenase in microorganisms is not known, Snoswell (13) has speculated that the importance of two pairs of lactate dehydrogenase in the metabolism of L. plantarum may be in the production of D-and L-lactates from pyruvate by the NAD-dependent enzymes, and in the oxidation of D-and L-lactates to pyruvate by the NADindependent enzymes. Wittenberger and Haaf (15) stated that the NAD-independent lactate dehydrogenases in Butyribacterium rettgeri appear to be closely associated with lactate degradation. Since lactic acid is a major end product of metabolism of the staphylococci (10) forms of LDH may provide these organisms increased versatility with respect to pyruvate and lactate utilization.
Two distinct bands of reduced nitro-blue tetrazolium were detected by acrylamide gel electrophoresis of a staphylococcal cell-free extract and subsequent incubation of the gel in an LDH reaction mixture described by Allen (1) . Working with S. aureus, Garrard and Lascelles (6) used the terms "lactate dependent" for the fast band and "endogenous" for the slow band. They state that the nature of the reaction for the latter is unknown and that this band could not be removed from extracts by gel filtration.
With regard to the above observations, we decided (i) to ascertain the presence of NAD-dependent and NAD-independent LDH activities, (ii) to account for the oxidation of both D-and L-lactates by determining the stereospecificity of the forms of the above enzymes (with emphasis on the NAD-dependent LDH) and by determining whether a lactate racemase is present, and (iii) to determine the nature of the reaction for the slow band observed upon acrylamide gel electrophoresis of cell-free extracts.
MATERIALS AND METHODS
Organism and culture medium. S. aureus strain PS 6 was used for this study. The (commercial data); however, no contaminating D-lactate was present with the L-isomer. In order to substantiate these results, lithium lactates, not cross-contaminated with the opposite isomer, were obtained from another source (Calbiochem, Los Angeles, Calif.). DL-Lactate, prepared from an 85% solution of lactic acid (J. T. Baker Chemicals Co., Phillipsburg, N.J.), was used for all LDH assays involving the racemic mixture of lactate.
Evidence for a lactate racemase. Heat inactivation studies (14) of LDH for D-and L-lactates were run at 60 C with the crude cell-free extract for intervals ranging from 1 to 10 min. After heating in a 60 C water bath, the tubes containing the enzyme were cooled immediately in an ice-salt water mixture prior to assay. LDH was assayed by the NAD-reduction method (11) .
In a second experiment, LDH activity was determined with enzyme saturating amounts of L-lactate in the presence of the D isomer by using the NAD-reduction method. Under these conditions, an increase in the rate of NAD-reduction over that of L-lactate dehydrogenase activity alone would occur if the cellfree extract contained both NAD-dependent stereospecific forms of LDH.
D-Lactate dehydrogenase activity was also determined by using D-lithium lactate as the substrate. Enzymatic activity would support the premise that not all D-lactate-specific LDH activity was caused by contaminating L-lactate.
A third experiment employed rabbit muscle LDH (Worthington Biochem. Corp., Freehold, N.J.), specific for L-lactate, to determine possible racemase activity in the crude cell-free extract of S. aureus upon D-lactate. Two methods were utilized. In one procedure we measured the chromogenic derivative from pyruvate and 2,4-dinitro-phenylhydrazine formed from the incubated D-lactate solution. In a second method we measured, spectrophotometrically, NAD reduction of a D-lactate solution that had previously been incubated for various intervals with the crude cell-free extract. At the end of each interval, a sample was removed and plunged into a boiling-water bath for exactly 1 min. The denatured protein was removed by centrifugation, and the clear supernatant fluid was used as the substrate for the rabbit muscle LDH.
Electrophoresis. Acrylamide gel electrophoresis was performed by the method described by Davis (3) . We used glass tubes (7 by 0.5 cm) for the gels unless indicated otherwise, and all runs were made at 5 C to prevent possible enzyme denaturation by ohmic heating. After 
RESULTS
Purification of NAD-dependent LDH. The procedure for the partial purification of the crude cell-free extract yielded a 6.3-fold increase in specific activity and effectively removed most of the nucleic acid, as evidenced by a ratio of absorbancy at 280 nm to absorbancy at 260 nm of 1.44 (Table 1) .
NAD-independent lactate dehydrogenase activity was observed for both D-and L-lactates (Table 2) ; however, phenazine methosulfate may have acted as an effective electron carrier in the absence of NAD (9) . We observed that the rate of NBT reduction was enhanced appreciably with Evidence for a lactate racemase. After incubating the crude cell-free extract in a 60 C water bath, 95% of D-and 64% of the L-lactate-specific activities were destroyed in 2 min (Fig. 2) . This difference in rates of inactivation and the decrease in D-lactate dehydrogenase activity upon purification preclude the existence of a nonspecific LDH for the two lactate isomers.
Addition of one isomeric form of lactate to a reaction in which the opposite isomer was present in saturating amounts to the enzyme produced no increase in the rate of NAD reduction (Table  3) . If (Table 4) ; however, more positive evidence for a lactate racemase is shown by the straight-line relationship between time of racemization and activity of the rabbit muscle LDH (Fig. 3) .
Electrophoresis. Three distinct bands (two wide and one narrow) were noted on acrylamide gel electrophoresis of the crude cell-free extract and two were observed (both wide) for the partially purified extract. Our work, however, was directed toward the two wide bands which we shall designate as slow and fast (Fig. 4) . The slow band ap- peared under all conditions tested, except when the cell-free extract had been pretreated with trypsin (Table 5 ). The occurrence of this band under most of the conditions listed indicates that protein associated with LDH is reducing NBT in a nonspecific manner (12) .
Only protein eluted from sections cut from the gels corresponding to the slow band were found to have NAD-dependent activity (Table 6 ). 
DISCUSSION
Results from these studies provide evidence for more than one form of lactate dehydrogenase in S. aureus. NAD-independent and NAD-dependent LDH activities were noted for both isomeric forms of lactate; however, NAD-independent LDH activity was not further investigated. On the other hand, our data show that NAD-dependent LDH activity for both lactate isomers is due to an L-lactate-specific LDH and a lactate racemase. Walker and Eagon (14) have indicated that oxidation of both isomeric forms of lactate may be due to: (i) a single stereospecific LDH coupled with a lactate racemase; (ii) a single LDH lacking specificity; or (iii) to two separate and distinct lactate dehydrogenases, one specific for each of the lactate stereoisomers. Our heat inactivation studies eliminate the possibility that a nonspecific LDH is responsible for oxidation of both D-and L-lactates, since LDH activities for these isomers decrease at different rates on heating. On the other hand, LDH activity for L-lactate could not be caused by a combination of NAD-dependent LDH 3 and NAD was omitted for gel 2; whereas all required components were included for gel 1. much higher L-lactate-specific LDH than D-lactate-specific LDH activity. The racemase or the D-lactate-specific LDH would be rate limiting, and thus L-lactate-specific activity could never be greater than D-lactate dehydrogenase activity.
These facts leave open the possibilities that both isomers are oxidized by either an L-lactatespecific LDH and a lactate racemase, or activity observed with D-lithium lactate which contained none of the L-isomer.
Additional evidence for a lactate racemase is provided by the activity of L-lactate-specific rabbit muscle LDH on D-lactate which occurred only in the presence of crude cell-free extract. Determining dehydrogenase activity by the NADreduction method, we observed a straight-line relationship for the time of racemization and activity of L-lactate-specific muscle LDH on the D-lactate (Fig. 3) . Pyruvate formation by rabbit muscle LDH was observed only in the presence of D-lactate previously incubated with crude cellfree extract or when L-lactate was the substrate (Table 4) .
Electrophoresis produced three distinct bands revealed by the reduction of NBT when DL-lactate was the substrate. The slowest band was also the smallest. We chose to ignore this band temporarily, since it never appeared during electrophoresis of the partially purified sample. Acrylamide gel electrophoresis of both the partially purified and the crude extracts yielded two wide bands capable of reducing NBT. Garrard and Lascelles (6) stated that only one band (the faster band) is caused by a soluble lactate-dependent reaction and that the nature of the reaction responsible for the other band (the slower band) is unknown. We set out to determine the nature of these bands and to ascertain whether one of them might be an artifact. First, the heat-labile fast band for the partially purified extract appeared in the absence of NAD when either D-or DL-lactate was used as the substrate. Phenazine methosulfate, present in the LDH reaction mixture, probably sufficed as an effective electron carrier; however, when protein was eluted from the fast band, the eluate yielded no NAD-dependent LDH activity for either D-or L-lactate. These results suggest that the fast band may be owing to an NAD-independent D-lactate dehydrogenase.
The slow band had several unusual characteristics (Table 5) . It appeared as a lightly stained band in the presence of malate and isocitrate as well as in the absence of any substrate or NAD. It also appeared even though the extract had been heated 1 min at 100 C, but did not appear if the extract had been previously subjected to trypsin activity. The development of this band still occurred when the gel was incubated at 2 to 4 C but increased in intensity when the temperature was allowed to reach 22 to 23 C. In the presence of D-lactate both bands appeared, whereas in the presence of L-lactate only a slow, but dark, band became visible.
Protein eluted from the slow band had very high NAD-dependent LDH activity for L-lactate, although little activity for D-lactate (Table 6) . From these observations, it is apparent that the reduction of NBT by the slow band cannot be entirely owing to enzymatic activity (16) ; however, we have shown that the slow band definitely has L-lactate dehydrogenase activity.
